There is a gap between the initial formation of cells carrying radiation-induced genetic damage and their contribution to cancer development. Herein, we reveal a previously uncharacterized gene FATS through a genomewide approach and demonstrate its essential role in regulating the abundance of p21 in surveillance of genome integrity. A large exon coding the NH2-terminal domain of FATS, deleted in spontaneous mouse lymphomas, is much more frequently deleted in radiation-induced mouse lymphomas. Its human counterpart is a fragile site gene at a previously identified loss of heterozygosity site. FATS is essential for maintaining steady-state level of p21 protein and sustaining DNA damage checkpoint. Furthermore, the NH2-terminal FATS physically interacts with histone deacetylase 1 (HDAC1) to enhance the acetylation of endogenous p21, leading to the stabilization of p21. Our results reveal a molecular linkage between p21 abundance and radiation-induced carcinogenesis.
Introduction
Ionizing radiation (IR) is a well-known complete carcinogen that is able to initiate and promote neoplastic progression, resulting from its induction of a broad spectrum of DNA lesions including damage to nucleotide bases, crosslinking, and DNA single-strand breaks and DNA double-strand breaks (DSBs) that impairs chromosomal stability (van Gent et al., 2001) . The latent period between radiotherapy and the appearance of second primary tumor or recurrence ranges from a few years to several decades (Holm, 1990) , which is particularly the case in patients treated for childhood Hodgkin's disease (Magrath, 1997; Schellong, 1998) . With the increasing use of diagnostic radiation for various conditions, concern is growing that the risk/ benefit ratio for such exposure needs to be weighed, and cancer is considered the major long-term contributor to health risk at doses below causing acute tissue injury (Brenner et al., 2003) . Recently, Genome-wide analysis of chromosomal aberrations has verified the similarities and differences between spontaneous and IR-induced tumorigenesis. In particular, radiation-induced tumors exhibit a high frequency of localized deletion events (Mao et al., 2005) . However, mechanistic understanding of radiation-induced carcinogenesis remains a major challenge.
Common fragile sites (CFSs) are site-specific loci that are found on most human chromosomes and can be induced in all individuals of the population under replication stress. Aphidicolin, an inhibitor of DNA polymerase that can cause DNA lesions including DSBs, is an efficient inducer of CFSs. CFSs are evolutionarily conserved regions that are AT-rich and late replicating (Mangelsdorf et al., 2000; Glover et al., 2005; Schwartz et al., 2006; Zhang and Freudenreich, 2007) . In general, CFSs are now being implicated as regions of high genomic instability associated with cancer (Buttel et al., 2004; Durkin and Glover, 2007) . However, much less is known about their molecular nature and functional characterization of CFS genes in DNA damage signaling.
Defects in cell-cycle checkpoints result in genomic instability and the initiation of tumorigenesis (van Gent et al., 2001; Maser and DePinho, 2002; Rouse and Jackson, 2002; Kastan and Bartek, 2004) . In eukaryotic DNA damage signaling pathways, tumor suppressor p53 and its transcriptional target CDKN1A (p21) have an essential role in monitoring cell-cycle checkpoints (Brugarolas et al., 1995; Deng et al., 1995; Bunz et al., 1998) . The cell-cycle inhibitor p21 is an unstable protein that is subjected to proteasome-dependent degradation in both ubiquitin-dependent (Bloom et al., 2003; Bendiennat et al., 2003; Coulombe et al., 2004) and ubiquitin-independent manners (Sheaff et al., 2000; Li et al., 2007; Chen et al., 2007) . Unbound p21 is directly degraded by proteasome independently of ubiquitination, as the endogenous p21 is fully acetylated at its amino terminus and is therefore not a substrate for N-end rule ubiquitination (Varshavsky et al., 2000) . Ubiquitin-independent turnover of p21 results from the interaction of its C terminus with the C8 a-subunit of 20S proteasome (Touitou et al., 2001) or proteasome activator REGg (Chen et al., 2007) . In addition, the inhibition of histone deacetylases (HDACs) has been known to selectively induce p21 (Johnstone, 2002; Dokmanovic et al., 2007) , although the impact of acetylation on p21 turnover remains uncertain. Precise control of p21 abundance is required for its role in cellcycle regulation, thus further elucidating the regulatory mechanism of p21 stabilization is an important priority toward a greater understanding of p21 deregulation in human cancer (Abbas and Dutta, 2009) .
Here, we report the identification of a previously uncharacterized and evolutionarily conserved gene, FATS (for Fragile-site Associated Tumor Suppressor), at a frequently deleted region in IR-induced tumors. FATS functions as a regulator of p21 abundance. Furthermore, the NH2-terminal domain of FATS binds to HDAC1 and suppresses its binding to p21, leading to the enhanced acetylation of endogenous p21. We also provide new evidence for a tight functional link between acetylation and stability of p21. This study thus brings new insights into our understanding of radiation-induced carcinogenesis.
Results
FATS is a key component of radiation-induced tumorigenesis IR-induced mouse thymic lymphoma is one of the classic models in radiation carcinogenesis, and p53 insufficiency accelerates IR-induced tumor progression (Kemp et al., 1994) . Our previous results demonstrated the markedly difference of genome-wide aberations between IR-induced and spontaneous mouse tumors (Mao et al., 2005) , allowing us to systematically analyze the deletion events specific to IR-induced tumorigenesis. Using microarrays containing over 19 200 bacterial artificial chromosome (BAC) clones with insert size in the range of 170-210 kb and maximized coverage of mouse genome (Cai et al., 2002) , we performed microarray-based comparative genomic hybridization analysis and identified a deletion site close to the end of mouse chromosome 7 in IR-induced tumors (Figure 1a) . The DNA region, corresponding to the contig of RP23-35I7, was deleted in 15% of spontaneous tumors (n ¼ 20). Remarkably, the same region was deleted in 21 out of 29 (72.4%, Po0.001) IR-induced tumor samples (Figure 1b) . Bioinformatics analysis revealed a (Figure 1b) . Its human counterpart was mapped to a CFS FRA10F at 10q26 (Figure 1c) , spanning a region of allelic loss associated with cancers (Maier et al., 1997; Nagase et al., 1997) . Therefore, we called it FATS for fragile-site associated tumor suppressor. We next evaluated whether FATS was an expressed gene that was involved in IR-induced mouse tumors. Indeed, FATS mRNA was expressed in various tissues including thymus, brain, heart, lung, spleen and kidney, but undetectable in liver (Figure 1d ). The expression of FATS was extensively silent in IR-induced lymphomas (Figure 1e ), indicating its involvement in IR-induced tumorigenesis.
An exon, encoding the NH2-terminal region of FATS, is enveloped in sequences of genetic instability Genetic instability is an important facet of carcinogenesis. We next analyzed whether the DNA sequences of FATS gene exhibit features of DNA fragility. Noncoding sequences of FATS gene are AT-rich. Interestingly, exon 2 of mouse FATS, encoding the NH2-terminal domain of FATS that is evolutionarily conserved (Figure 2a) , is surrounded by AT-rich sequences inserted with AT-dinucleotide repeats (Figure 2b ), which is a feature of CFSs instability (Schwartz et al., 2006; Zhang and Freudenreich, 2007) . Unusually, additional dinucleotide repeats such as (CA) n and (TG) n are distributed in AT-rich sequences of both upstream and downstream of FATS exon 2 (Figure 2b) . A secondary structure model was further derived by free energy data calculated using the mFOLD program (http://www.mfold.bioinfo.rpi.edu/ cgi-bin/dna-form1.cgi). The structure of (CA) 15 -(TG) 21 repeat in intron 1 appears as a succession of three independent stem-loop structures (Figure 2c ), which exhibit a tendency to induce replication pausing. The structure of (AT) 24 in intron 2 appears as a succession of two independent stem-loop structures that are separated by a short single-stranded region (Figure 2d ), which is similar to an AT-rich fragment causing DNA fragility (Zhang and Freudenreich, 2007) . These dinucleotide repeats inserted in AT-rich sequences thus confer genetic instability that are susceptible to DNA lesions induced by replication-blocking and radiation (Pearson et al., 2005; Bichara et al., 2006) .
FATS deficiency results in hypersensitivity to DNA damage and severe defects in G 2 /M checkpoint To provide a physiological context for our findings, we next examined whether FATS has a role in DNA damage response. We took RNA interference approach using a small interfering RNA (siRNA) that specifically knockdowned the expression of FATS mRNA (Figure 3a) . The phosphorylation of Chk1 kinase, a mediator of DNA damage signaling, was more pronounced after knockdown of FATS expression in mouse embryonic fibroblast (MEF) cells after IR treatment (Figure 3b ). To further verify this observation, we examined the effect of FATS knockdown on IR-induced nuclear foci of 53BP1, a mediator of DNA damage signaling (DiTullio et al., 2002) . The nuclear staining of 53BP1 in unstressed cells was diffused, and a few nuclear foci of 53BP1 were observed 3 h after IR treatment in MEF cells. In contrast, FATS deficiency significantly increased the number of 53BP1 nuclear foci under the same conditions (Figure 3c ). These results demonstrated that knockdown of FATS expression resulted in sensitivity to DNA damage response induced by IR.
Because radiosensitivity and cancer susceptibility are hallmarks of many genomic instability syndromes (Shiloh, 2003) , and cell-cycle checkpoint machinery has a pivotal role in guarding genomic stability and suppressing carcinogenesis, we next investigated the mitotic entry after DNA damage in FATS-inhibited MEF cells. After irradiation, cells were treated with nocodazole, a microtubule-disrupting agent that can trap cells in mitosis for several hours. In normal cells, the mitotic index was very low after irradiation. However, FATS-inhibited cells exhibited significantly higher mitotic index after irradiation (Figure 3d ). For those FATS-deficient cells entering mitosis under IRinduced genotoxic stress, severe mitotic defects in nuclear division and centrosome duplication were observed (Figure 3e ), confirming that FATS is required to sustain G 2 /M checkpoint after DNA damage.
FATS regulates cell-cycle inhibitor p21
We further evaluated the effect of FATS expression on cell proliferation. Knockdown of FATS expression led to a significant increase in nuclear staining of Ki-67, a well-known proliferation marker (Figure 4a ). In line with this observation, the growth rate of NIH3T3 cells stably transfected with a FATS-expressing vector was significantly decreased than those stably transfected with an empty vector pcDNA3 (Figure 4b ). Because p21 is not only a cyclin-dependent kinase (CDK) inhibitor but also essential to sustain G 2 checkpoint after DNA damage, we determined whether FATS by itself could upregulate p21. Indeed, the protein level of p21 was significantly increased in the presence of overexpressed FATS. Interestingly, FATS did not affect the protein level of p27, another CDK inhibitor (Figure 4c ). To gain further insight into the properties of the NH2-terminal region of FATS, namely FATS(1-363), whose coding region was frequently deleted in IR-induced tumors and susceptible to DNA lesions caused by repeat instability (Figures 1 and 2 ), we generated an FATS(1-363)-expressing vector and performed similar experiments. The overexpression of FATS(1-363) alone in NIH3T3 cells was sufficient to induce p21 ( Figure 4c ). The activities of cyclinE-associated CDK2 kinase and cyclinB1-associated CDK1 kinase, which stimulates the progression of G 1 to S phase and G 2 to M phase of cell cycle, respectively (Sherr and Roberts, 1999; Ohi and Gould, 1999) , were significantly suppressed after overexpression of FATS(1-363) (Figures 4d and e), supporting the role of FATS in regulating cell cycle. The overexpression of FATS induced a dominant effect on G 1 arrest (Supplementary Figure S1a and S1b). However, the overexpression of FATS(1-363) in p21-null cells failed to induce G 1 arrest (Figure 4f ), indicating that FATS-mediated effect on cell cycle is p21-dependent.
Expression of the NH2-terminal region of FATS is sufficient to stabilize p21 independently of ubiquitination Interestingly, the expression of FATS(1-363) was capable of increasing p21 protein level in p53-null cells (Figure 5a ), indicating that FATS induces p21 protein in a p53-independent manner. Because p21 is an unstable protein and its abundance is also tightly regulated posttranscriptionally, we next evaluated whether FATS could stabilize p21. In the presence of cycloheximide (CHX), an inhibitor of protein synthesis, the expression of p21 protein was diminished after CHX treatment for 4 h in cells. However, the protein level of p21 only slightly decreased after CHX treatment for 12 h in the presence of overexpressed FATS(1-363) (Figure 5b ), indicating that FATS inhibits the degradation of p21. To investigate the effect of FATS on p21 abundance after DNA damage without the influence of p53-mediated transcriptional activation, we performed immunoblotting analysis to determine the expression level of p21 protein in HeLa cancer cells, which carry inactive p53 (Hoppe-Seyler and Butz, 1993) . The half-life of endogenous p21 in HeLa cells was shorter than 1 h, and the expression of p21 protein in HeLa cells was abolished within 3 h after IR treatment. In contrast, the protein level of p21 in the presence of FATS(1-363) under the same conditions was not significantly changed even 24 h after IR treatment (Figure 5c ), strongly suggesting that FATS is important to regulate p21 abundance under genotoxic stress. To gain more definitive insight into the mechanism of FATS-mediated stabilization of p21, we investigated the effect of FATS on p21 ubiquitination. His-tagged ubiquitin and a p21-expressing vector were co-transfected with FATS(1-363) or an empty vector into p53-null cells, respectively. Ubiquitinated proteins were subsequently Linkage between p21 and radiation-induced tumorigenesis Z Li et al purified and subjected to immunoblotting using an antibody against p21. The expression of FATS(1-363) did not inhibit the ubiquitination of p21 in p53-null cells (Figure 5d ), indicating that FATS-mediated stabilization of p21 is ubiquitin-independent. These results were in agreement with our observation (Figure 4c ) that FATS did not change the protein level of p27, whose turnover was strictly ubiquitin-dependent (Pagano et al., 1995) .
The NH2-terminal FATS contains one HDAC1-binding domain To explore the mechanism by which FATS inhibited p21 turnover, we determined the cellular localization of p21 induced by FATS. We performed cell fractionation analysis and found that FATS-induced p21 was localized in nucleus (Supplementary Figure S2) . Given that p21 is selectively induced by HDAC inhibitors (Johnstone, 2002; Dokmanovic et al., 2007) and that HDAC1 is a major deacetylase localized predominantly to the nucleus (Lagger et al., 2002 ; Supplementary Figure S2 ), we hypothesized that FATS might stabilize p21 through interacting with HDAC1. To this end, we performed coimmunoprecipitation assay to assess whether a physical association could be observed between FATS and HDAC1 in cells. A Flag-tagged HDAC1 and a myc-tagged FATS(1-363) were cotransfected into HeLa cells, and cellular proteins binding to HDAC1 were immunoprecipitated using a After siRNA transfection, cells were subjected to IR treatment and incubated with nocodazole (0.2 mg/ml) for 24 h. Cells were then fixed, stained and examined by fluorescence microscopy to determine the mitotic index as described earlier (Bunz et al., 1998) . (e) Representative microscope images of FATS-inhibited cells entering mitosis after IR-induced DNA damage. The siRNA-treated MEF cells were subjected to IR (10 Gy) exposure. After 24 h, cells were fixed and stained with an antibody to g-tubulin component of centrosome, and nuclear DNA was stained with DAPI (red).Arrows indicate centrosomes (green). At least 200 cells were examined and the percentage of mitotic defects after IR was shown.
Linkage between p21 and radiation-induced tumorigenesis Z Li et al Flag antibody, followed by immunoblotting with a myc antibody. Indeed, the NH2-termianl region of FATS protein coimmunoprecipitated with a significant amount of HDAC1, whereas a nonspecific immunoglobulin G (IgG) did not (Figure 6a ), indicating that the NH2-terminal region of FATS specifically binds HDAC1 in vivo. Such conclusion was confirmed by the results using a reciprocal immunoprecipitation and immunoblotting procedure (Figure 6a ). To determine whether FATS might directly interact with HDAC1, FATS(1-363) region was tagged with glutathione-S-transferase (GST), and purified fusion protein was subjected to pull down an in vitro-translated HDAC1. GST-FATS(1-363), but not GST alone, was found to bind a significant amount of HDAC1 (Figure 6b ), indicating a direct interaction between the NH2-termianl region of FATS and HDAC1. In order to gain additional insight into the interaction between FATS and HDAC1, we generated truncated FATS mutants and performed GST pull-down assay. We found that FATS(67-363) and FATS (1-288) bound to HDAC1, whereas FATS(175-363) did not (Figures 6c  and d) . Therefore, FATS(67-175) domain within the NH2-terminal region of FATS is required for efficient interaction between FATS and HDAC1.
The NH2-terminal FATS inhibits HDAC1 binding to p21 and facilitates the acetylation of p21 We next assessed the effect of FATS-HDAC1 interaction on FATS-mediated induction of p21. Given that endogenous p21 undergoes acetylation , we sought to determine whether FATS(1-363) could have an impact on acetylation of endogenous p21. After transfection of FATS(1-363) into cells, the acetylated p21 was examined by immunoprecipitation with an antibody to acetylated lysine residue, followed by immunoblotting using a p21 antibody. The acetyla- Linkage between p21 and radiation-induced tumorigenesis Z Li et al tion of p21, which was barely detectable in the absence of FATS(1-363), was much more pronounced after the overexpression of FATS(1-363) (Figure 7a ), indicating that FATS-mediated stabilization of p21 is associated with enhanced acetylation modification of p21. Furthermore, a significant amount of HDAC1 was physically associated with GST-p21 protein, whereas GST protein did not bind to HDAC1 (Figure 7b ), indicating that HDAC1 protein is directly associated with p21. We next examined the effect of the NH2-terminal FATS on HDAC1 binding to p21 in vivo. The interaction between HDAC1 and endogenous p21 was observed in vivo. However, such interaction was abolished in the presence of FATS(1-363) (Figure 7c ). The effect of FATS(1-363) on inhibiting HDAC1 binding to p21 in vivo was further substantiated by the observation that much less amount of HDAC1 was coimmunoprecipitated with an HA-tagged p21 in the presence of the NH2-terminal FATS, in comparison with that in the absence of the NH2-terminal FATS (Figure 7d ). To further characterize the role of HDAC1 in FATSmediated regulation of p21, we used RNA interference to inhibit the expression of HDCA1. Although knockdown of HDAC1 led to an increase in basal level of p21 protein, the fold induction of p21 protein level by the NH2-terminal FATS was significantly attenuated (Figure 7e ), demonstrating that FATS targets HDAC1 to stabilize p21.
Acetylation of p21 suppresses its ubiquitin-independent proteasomal turnover linked to FATS-mediated control of p21 function
To gain further insight into the biological significance of acetylation modification of p21, we asked whether acetylation of p21 could suppress its proteasomal degradation. The treatment of trichostatin A (TSA), a HDAC inhibitor, has been known to selectively induce p21 (Johnstone, 2002; Dokmanovic et al., 2007) . To rule out the possibility that p53-dependent induction of p21 under TSA treatment was involved, we investigated the effect of TSA treatment on p21 stability in HeLa cells, which carry inactive p53. Consistent with the results in Figure 5c , endogenous p21 protein in HeLa cells quickly diminished under CHX treatment and only about 10% of p21 protein was remained after CHX treatment for 1 h (Figures 8a and b) . However, TSA treatment in advance for 2 h, followed by CHX treatment under the same conditions, significantly increased the protein stability of endogenous p21 and 80% of p21 protein remained intact after CHX treatment for 1 h (Figures 8a  and b) , indicating the relevance of p21 actetylation to its . At 48 h after transfection, cells were incubated with MG132 (20 mM) for 6 h. Ubiquitinated proteins were purified with Ni-NTA (Qiagen, Hilden, Germany) beads, followed by immunoblotting against p21.
Linkage between p21 and radiation-induced tumorigenesis Z Li et al stability in vivo. The complete degradation of endogenous p21 after CHX treatment for 2 h in the presence of TSA (Figure 8a ) suggested the transient effect of TSA on p21 stability in the presence of CHX and the dynamic mechanism underlying p21 acetylation.
It is noteworthy that the C terminus of p21, namely p21 (139-164), which was bound to both C8 a-subunit of 20S proteasome (Touitou et al., 2001) and REGg proteasome activator (Chen et al., 2007) , has an essential role in direct degradation of p21 by proteasome (Sheaff et al., 2000; Chen et al., 2007; Li et al., 2007) . In addition, there are four lysine residues (K141, K154, K161 and K163) in the C terminus of p21 protein, which raising the possibility that FATS-mediated acetylation might be directly correlated with p21 stabilization. Owing to the difficulties in obtaining a constitutively acetylated protein in vivo, we generated an HA-tagged Ac-p21(139-164) peptide, in which K141, K154, K161 and K163 were in vitro acetylated. The HA-tagged p21(139-164) peptide was also generated as its control (Figure 8c ). The same amount of Ac-p21(139-164) or p21(139-164) peptide was incubated with purified 20S proteasome, respectively, in the absence of adenosine triphosphate and ubiquitin. After incubation at 37 1C for 10 min, p21(139-164) peptide was completely degraded. In contrast, the amount of Ac-p21(139-164) peptide only slightly decreased after incubation with 20S proteasome for 10 min, and Ac-p21(139-164) was detectable even after incubation with 20S proteasome for 60 min (Figure 8d ), strongly demonstrating that acetylation of p21 is critical to extend the half-life of free p21. To further validate this mechanism, we performed GST pull-down assay to evaluate the binding of C8 subunit to p21(139-164) peptide with or without acetylation. Purified GST-C8 protein strongly associated with p21(139-164) peptide. However, only tiny amount of Ac-p21(139-164) peptide was bound to GST-C8, which did not bind a nonspecific BSA protein (Figure 8e) . Therefore, acetylation of lysine residues (K141, K154, K161 and K163) in the C terminus of p21 remarkably suppresses the direct binding of C8 a-subunit of 20S proteasome to p21, leading to significantly increased stability of p21 protein.
Specifically, knockdown of FATS mRNA expression significantly decreased the steady-state level of p21 protein (Figure 8f) , and reduced protein levels of p21 in thymic lymphomas were observed in those samples with downregulated expression of FATS (Figure 8g ), which strongly demonstrate the essential role of FATS in controlling p21 abundance. Furthermore, in contrast to control cells that exhibit G 1 arrest and significantly decreased S phase entry after IR treatment, the inhibition of S phase entry after DNA damage was significantly compromised in cells after FATS knockdown (Figure 8h ), indicating that G 1 cell-cycle arrest after DNA damage is defective in FATS-deficient cells. These observations were consistent with our results as shown in Figures 3 and 4 , emphasizing that the tumor suppressor role of FATS is linked to, at least in part, its control of p21 function in cell-cycle checkpoints.
Discussion
Identifying cancer genes and understanding their involvement in tumorigenesis are critical steps in controlling this disease. Despite tremendous works in genomewide screening, these attempts were often hampered by the relatively low resolution of banded chromosomes and a plethora of genomic alterations in late-stage human tumors with genetic heterogenicity, making it difficult in identifying events at early stages of tumorigenesis. The identification and functional characterization of FATS suggest the values of dissecting frequent Linkage between p21 and radiation-induced tumorigenesis Z Li et al changes in IR-induced mouse tumors (Mao et al., 2005) , which will allow us to uncover new cancer genes involved in early tumorigenesis. We verify that human ortholog of FATS is a CFS gene at FRA10F, one of 76 aphidicolin-induced CFSs that have previously not been cloned and characterized at the molecular level (Durkin and Glover, 2007) . CFS stability is regulated by DNA damage checkpoints ATR (Casper et al., 2002) , indicating that some level of replication stalling occurs at CFS regions and they could be prone to cause DSBs after radiation treatment in normal cells. Interestingly, CFS stability is not regulated by another checkpoint kinase ATM (for ataxia-telangiectasia mutated) that responds primarily to DSBs (Casper et al., 2002) . As DSBs are the principal lesions of importance in the induction of chromosomal abnormalities and gene mutations, our study brings new insight into the function of some CFS genes, if not all, in linking DSBs sensor to DNA damage checkpoint machinery, and provides the first evidence that a CFS gene actively monitors DNA damage response and genomic stability. The discovery of a radiation-susceptible gene FATS that has an important role in maintaining genomic stability through regulating p21 abundance adds new insights into our understanding of radiation-associated cancer risks. As a negative regulator of the cell cycle, p21 is uniquely positioned to function as a central inhibitor of CDK1 and CDK2, both in unstressed cells and after genotoxic stresses, leading to growth arrest in the G 1 and G 2 phase of cell cycle. The abundance of cellular p21 is tightly controlled at both transcriptional and post-transcriptional levels. Given that p21 is unstable and its transcription can be activated by many oncogenic factors other than p53 tumor suppressor (Macleod et al., 1995) , the stabilization of p21 protein has a critical role in regulating p21 abundance and its function in cell-cycle control. Our finding reveals FATS as a potent regulator of p21 abundance. Following induction of DSBs by IR, FATS-inhibited cells exhibit radiosensitivity as shown by more pronounced Chk1 The interaction between FATS and HDAC1 enhances acetylation modification of endogenous p21. (a) HeLa cells were transfected with FATS(1-363) or an empty vector. After transfection for 48 h, cell lysates were immunoprecipitated with an antibody specific to acetyl-lysine (Ac-K) or an immunoglobulin G control, followed by immunoblotting with a p21 antibody. (b) GST pull downs using purified GST-p21 and in vitro translated HDAC1. GST-p21 proteins in pull-down assay system were analyzed by coomasie blue staining. (c) Effect of FATS(1-363) expression on HADC1 binding to p21 in vivo. HeLa cells were untreated or transfected with Flag-tagged HDAC1 alone or in combination of FATS(1-363). After transfection for 48 h, cell extracts were subjected to immunoprecipitation with a Flag antibody, followed by immnoblotting using an antibody to p21. (d) HA-p21 was transfected into HeLa cells alone, or co-transfected with Flag-tagged HDAC1, in the absence or presence of FATS(1-363). Cell extracts were subjected to immunoprecipitation with a Flag antibody, followed by immnoblotting using an antibody to HA tag. (e) FATS(1-363)-mediated induction of p21 after knockdown of HDAC1 expression. HeLa cells were transfected with HDAC1 siRNA or a non-targeting control siRNA for 24 h. siRNA-transfected cells were subsequently transfected with FATS(1-363) and an empty vector, respectively. After 24 h, cellular p21 was examined by immunoblotting using an antibody to p21. Results from three individual experiments were plotted for comparison. The data are represented as means±s.d.
Linkage between p21 and radiation-induced tumorigenesis Z Li et al phosphorylation ( Figure 3b ) and distinct 53BP1 foci formation at the sites of DNA damage (Figure 3c ), a character of a group of inherited chromosomal instability syndromes including ataxia telangiectasia (AT) and Nijmegen breakage syndrome with a predisposition to cancer. In addition, defects in mitosis and centrosome duplication after IR in FATS-deficient cells (Figure 3e ) are more severe than that in p21-deficient cells (Bunz et al., 1998) , supporting that FATS acts upstream of p21 and is required for G 2 /M checkpoint function. The tumor suppressor activity for p21 is demonstrated by the genetic evidence (Martin-Caballero et al., 2001) , and p21 is a major determinant of tumor suppression by p53, especially in case p53 loses its capacity in inducing apoptosis (Barboza et al., 2006; Efeyan et al., 2007) . It is noteworthy that p21 is often deregulated in cancer, which is frequently associated with its cytoplasmic expression due to phosphorylation at Thr145 (Zhou et al., 2001; Winter et al., 2003; Xia et al., 2004) . FATSmediated acetylation of p21 may not only inhibit p21 degradation by proteasome, but also interfere with its phosphorylation by some oncogenic kinase to retain its nuclear localization and proper function to regulate cell cycle. The importance of acetylation modification of p21 is further emphasized by the fact that the C terminal p21 interacts with PCNA, a proliferating cell nuclear antigen (Touitou et al., 2001) . The stabilization of p21 by FATS may also facilitate p21-mediated regulation of cell-cycle progression by inhibiting PCNA, independently of CDK inhibition. Linkage between p21 and radiation-induced tumorigenesis Z Li et al HDAC1 is a major deacetylase whose genetic deletion causes a significant reduction in total HDAC activity (Zupkovitz et al., 2006) , and its involvement in cancer has been established (Lin et al., 1998) . In addition, HDAC1 has been implicated in ATM-mediated sensing of IR-induced DNA damage (Kim et al., 1999) , implying the potential crosstalk between FATS and ATM. Although we cannot rule out the possibility that the interaction between FATS and HDAC1 may also abolish HDAC1-mediated repression of p21 transcription, which acts through a general transcription factor Sp1 (Lagger et al., 2002; Lagger et al., 2003) , such effect on FATS-mediated induction of p21 is negligible, as FATS did not affect the expression of p27, whose expression is also mediated by Sp1 (Wei et al., 2003; Cen et al., 2008) . Finally, FATS may have potential application in cancer therapeutics and the development of new generation of HDAC inhibitors.
Materials and methods

Microarray-based comparative genomic hybridization
Mouse whole-genome BAC arrays consisting of more than 19 200 BAC clone DNAs were used to perform comparative genomic hybridization as previously described (Cai et al., 2002) . Heterozygous p53 þ /À mice were exposed to a single dose of 4 Gy by whole-body g-radiation to induce tumors as previously described (Mao et al., 2005) . Mouse C o t-1 DNA was used for blocking repetitive sequences in BAC clones and genomic probes. The Cy5/Cy3 ratios were plotted along individual chromosomes. For each mouse tumor sample, two experiments were carried out with reversal of Cy3/Cy5 labeling to remove any ratio artifact.
Reagents, plasmids and cell culture NIH3T3 and HeLa cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA), MEF and p53-null cells were obtained from Dr A Balmain (San Francisco, CA, USA). p21-null cells were kindly provided by Dr Lozano G (Houston, TX, USA). Cells were grown in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf serum.
To generate pcDNA3-FATS, a FATS fragment from MEF cDNA was generated by PCR using the following primers: 5 0 -CACACTCCTGGGAGCCTTAC-3 0 and 5 0 -CAGATCCA GGGCTAGCAGAG-3 0 and subsequently inserted into pcDNA3.1/Topo vector (Invitrogen). A FATS(1-363) fragment was obtained by PCR amplification from MEF cDNA using the following primers: 5 0 -CTGGCATCACAGAACACA AGAATGA-3 0 and 5 0 -CTACTCACCAGCCCTGTAACTCC AG-3 0 , and subsequently inserted into pcDNA3.1/Topo vector to generate pcDNA3-FATS(1-363). All the constructs were verified by sequence analysis. GST-FATS(1-363) plasmid was produced by in-frame inserting a FATS(1-363) fragment from pcDNA3-FATS (1-363) into EcoRI/XhoI sites of pGex-6p1 vector (Amersham Biosciences, Buckinghamshire, UK). A vector pCMV-Tag5 (Stratagene, La Jolla, CA, USA) was used to generate myc-FATS(1-363). 3T3-FATS and 3T3-pcDNA3 cells were generated by transfecting pcDNA3-FATS or pcDNA3 (Invitrogen) into NIH3T3 cells, respectively, followed by G418 selection. Plasmids were transfected into cells by lipofectamine (Invitrogen) or an electroporator (Amaxa, Cologne, Germany). Flag-HDAC1 was kindly provided by Dr RA DePinho (Boston, MA, USA). GST-p21 and HA-p21 were gifts from Dr H Lu (Indianapolis, IN, USA). GST-C8 was kindly provided by Dr Y Long (Shanghai, China). Antibodies including anti-p21, anti-p27, and anti-Ki-67 were purchased from BD Pharmigen (San Diego, CA, USA); antibodies to Flag, b-actin, and g-tubulin were from Sigma (Buchs, Switzerland); an antibody to cyclinB1 was from Santa Cruz Biotechnology (Santa Cruz, CA, USA); an antibody to acetyl-lysine was from Upstate (Charlottesville, VA, USA). The antibodies to Chk1 and Chk1 (phospho S345) were purchased from Abcam (Cambridge, UK). HA-tagged p21(139-164) and Ac-p21(139-164) peptides were synthesized by Shanghai Science Peptide Biological Technology (Shanghai, China). The sequences were as follows: YPYDVPDY AGRKRRQTSMTDFYHSKRRLIFSKRKP and YPYDVP-DYAGRK(Ac)RRQTSMTDFYHSK(Ac)RRLIFSK(Ac)RK (Ac)P. TSA, MG132 and CHX were purchased from Sigma.
RNA interference FATS siRNA was generated using a Block-iT RNAi topo transcription kit (Invitrogen) and Block-iT dicer RNAi kits (Invitrogen) following the manufacturer's instructions. The primers for FATS were 5
0 -CTCAGCCTCCGCTGTAGTT C-3 0 and 5 0 -CCTTCCAGTGACCACCTTGT-3 0 . The siRNA pool for FATS was obtained by cleaving ds-RNA with Dicer enzyme. Purified FATS-siRNA was diluted to 0.1 mg/ml and stored at À80 1C. A non-targeting siRNA pool from Dharmacon (D-001206-13, Lafayette, CO, USA) was used as control. Lipofectamine (Invitrogen) was used for siRNA transfection.
Reverse transcription-PCR First-strand cDNA was synthesized using M-MuLV reverse transcriptase (New England BioLabs, Ipswich, MA, USA) from 0.5 mg of total RNA. The primers specific to mouse FATS were as follows: 5 0 -GTGACAGTGGGGTCTTCGTT-3 0 and 5 0 -GGTGTTGAAGTCCCAGCAAT-3 0 . The primers specific to a housekeeping gene glyceraldehyde-3-phosphate dehydrogenase were as follows: 5 0 -TGCCTCCTGCACCAC CAACT-3 0 and 5 0 -CGCCTGCTTCACCACCTT-3 0 .
GST pull-down assay GST fusion proteins were expressed and purified as described previously (Li et al., 2004) .
Immunoprecipitation and western blot
Immunoprecipitation and western blot analysis was performed as described previously (Li et al., 2004) .
Fluorescence in situ hybridization and immunofluorescence microscopy Peripheral blood lymphocytes from two healthy individuals were cultured and treated with aphidicolin (0.2 mM) for 24 h. Then metaphase chromosomes were prepared according to standard procedures. A BAC clone RP11-179O22 was selected from the UCSC database (http://genome.ucsc.edu) for fluorescence in situ hybridization analysis as described (Liehr et al., 2002) . Cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.1% Triton X-100 solution, and then immunostained with a primary antibody (1:100 dilution) overnight at 4 1C, then incubated with a fluorescein isothiocyanate-or cy3-conjugated secondary antibody (1:200 dilution) for 1 h. Images were taken with a deltavision deconvolution microscope (Olympus, Tokyo, Japan).
MTT assay
Cells (1 Â 10 4 ) were plated onto 24-well plates. At the indicated times, 5 mg/ml of MTT [3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide] (Sigma) was added into media at 1:10 dilution and incubated for 5 h. Then supernatants were removed, and 1 ml of acidic isopropanol containing 0.04 M HCl was added to dissolve intracellular purple formazan. Absorbance was measured at 570 nm. The reference wavelength was 650 nm.
Flow cytometry analysis
Cells were harvested and fixed in 70% cold ethanol for 30 min at room temperature. Cells were stored at 4 1C until ready to stain. Cells were recovered by centrifugation, then stained with propidium iodide containing 100 mg/ml of RNAse and subjected to analysis with a flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
In vitro proteolytic analysis The proteolytic analysis was performed using a 20S proteasome activity assay kit (Chemicon, Cat. no. APT280, Temecula, CA, USA). In brief, 2 mg of purified HA-tagged p21(139-164) or Ac-p21(139-164) peptides was incubated with 1 ml of 20S proteasome (Chemicon, Part no. 90205) in assay buffer (25 mM HEPES, (pH 7.5), 0.5 mM EDTA, 0.05% NP-40 and 0.001% SDS) at 37 1C for different time course. The reaction was stopped by adding 10 ml of SDS sample buffer (65 mM Tris, pH 8.0; 10% glycerol, 2% SDS, 1% DTT, 0.01% bromophenol blue) and heating at 95 1C for 5 min. An aliquot of the reaction was analyzed by western blotting using an antibody against HA.
In vitro kinase assay Cell extracts were harvested and subjected to immunoprecipitation using an antibody against cyclin B1 at 4 1C overnight. Immnuocomplex was then suspended in buffer containing 25 mM Tris (pH 7.5), 10 mM MgCl 2 , 10 mCi [g-32 P]-adenosine triphosphate and 0.1 mg histone H1. After incubation at 30 1C for 30 min, samples were boiled and loaded on SDSpolyacrylamide gel electrophoresis gel. The phosphorylation of histone H1 was detected by autoradiography.
